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with drain holes and a water trap, and provide accurate results despite interference from the fuselage pressure field. It also needs to compensate for yaw and pitch angles that might otherwise degrade accuracy. It needs to work across the full Mach number range, and ideally should require little maintenance. Pitots are therefore highly evolved instruments, certified and tested throughout their operational envelopes. While alternative systems exist, or are being developed to offer complementary or even a replacement measuring capability, it appears likely Pitots will remain the basis of airspeed measurement for many years. Despite the possibility of blockage, Pitots are reliable, cheap and thoroughly understood.
The blockage risk is, however, costly in lives. Since 1974, Pitot or static system blockages have been a played a role in accidents resulting in 564 deaths in commercial aviation. The 2009 Air France 447 accident most recently focused public attention, but unfortunately the history of accidents linked to Pitots is as old as aviation itself. From an engineering perspective, a single Pitot failure is relatively minor since they are usually mounted in triplicate on large aircraft. However, failure of all three still allows an aircraft to safely land, albeit with a non-standard flying procedure.
Technically, a more serious situation arises when static ports are obstructed, denying altitude and vertical speed information, in addition to airspeed. Accidents where behaviour of the Pitot-static system was involved in some way include:
• Air France Flight 447 -June 1 st , 2009: A330 lost speed indication after entering a thunderstorm at cruise altitude, triggering a chain of events that led to an aerodynamic stall [3] .
• Austral Lineas Aereas Flight 2553 -October 10 th , 1997: due to ice formation inside the Pitot of the DC-9, the airspeed indicated fell to low levels, prompting increases in thrust and extension of slats. As a consequence of the excessive aerodynamic forces, one of the slats tore from the aircraft, causing severe asymmetry and loss of control [4] .
• Aeroperú Flight 603 -October 2 nd , 1996: static ports were blocked by tape. This led to a total failure of multiple flight instruments and due to the false data presented and associated loss of situational awareness the aircraft flew into the sea [5] .
• Birgenair Flight 301 -February 6 th , 1996: the aircraft had remained unused for some time.
A Pitot tube blockage, likey caused by an insect nest, led to erroneous measurements and initiated crew confusion that culminated in a crash [6] .
• Northwest Airlines Flight 6231 -December 1 st , 1974: in-flight icing of Pitot tubes provided erroneous airspeed data, leading to a stall and loss of the aircraft [7] .
There have also been other cases where inaccurate airspeed data led to flight incidents without fatal outcomes, such as the Rockwell X-31 accident (January 19 th , 1995) where icing of the Kiel probe (a type of shrouded Pitot) gave incorrect airspeed to the autoflight system, which then used inappropriately high control law gains, causing aircraft divergence. The pilot managed to eject and the aircraft crashed [8] . Further examples in commercial aviation are reported by the US National Transportation Safety Board [9, 10] and the UK Air Accident Investigation Branch [11] .
From a piloting point of view, a Pitot failure is much more serious than might be expected, as it often triggers a human and/or automated chain of events significantly more difficult to arrest. Pitot discrepancies are only obvious during the takeoff roll, which is a poor moment to resolve apparent errors between three measurements or make decisions based upon them. A complete failure of the static system can easily be fatal, as for Aeroperú 603, depending on availability of any other visual cues. Even failure of a single Pitot, or temporary failure of all three, can lead to a fatally confusing situation, as for Birgenair 301 and Air France 447. Fundamentally, if blockages can be detected, subsequent piloting decisions and inputs to automated systems can be clarified. There is an outright responsibility from the engineering community to achieve this.
The case for a system to detect and warn of blockages is therefore compelling, especially if it is a system capable of detecting blockages both in the air and on the ground. However, even a system operable on the ground would be worthwhile, and a starting point for one usable during flight. The goal is to consider the physics basis of a ground operable acoustic reflectometry system, requiring no change to current Pitot tube designs and which may be inserted in the pneumatic connections with little modification.
The paper is organised as follows. A review on past applications of acoustic reflectometry is presented in §II. In this section, alternative options for airspeed measurement are also considered.
The acquisition of the Pitot geometries is discussed in §III, along with a description of the steps taken to perform the CT-to-FE analysis. In §IV, two different numerical models are developed to assess the feasibility of the detection method. The corresponding experimental measurements are shown and discussed in §V and §VI respectively. Finally, in §VII, an analytical model is employed to describe the physics behind the frequency response of the total pressure system geometry.
II. Acoustic reflectometry and alternatives to Pitot tubes
Interest in using acoustics for detection of faults dates back many years. Some engineering applications include detection of pipe leakages [12] [13] [14] , blockages in heat exchangers or sewers [15, 16] , non-destructive testing of materials using ultrasound [17] and early warning of blockages in nuclear reactor sub-assemblies [18] . The results from nuclear applications proved the detectability and utility of standing waves, giving good agreement with measurements. Acoustic reflectometry has also shown potential for medical applications. A most impressive success story is in detection of middle ear effusion (liquid in the middle ear). In young children this can lead to hearing problems and speech impairment, and early diagnosis is critical. In 1984, acoustic reflectometry was trialled for fluid detection, and has since become a simple, handheld test routinely deployed with confidence in hospitals [19] . Similar approaches have been applied for detection of airway obstructions in newborns [20] .
The aerospace community has shown some interest in acoustic detection for Pitots, as evidenced by a comprehensive IP/patent landscape [21] , but primarily there has been a strong historical interest in optical air data systems to remove Pitots entirely and their blockage risks [22] [23] [24] [25] [26] [27] . This has come from a desire to measure airspeed, and also from an intention to observe turbulence approaching an aircraft to bring about safety benefits. shape to a Pitot), and a supporting measurement of air density must be made to convert from true airspeed to dynamic pressure (which is the final desired measurement for aircraft manoeuvring).
Density measurement is not an obstacle, but might require an external probe, and it would be expected this would be as critical to safe operation as the original Pitot tube it replaced. Optical systems may, however, present the longest term solution for reliable airspeed measurement.
Further work in the aerospace sector has focused on deriving alternative estimates for airspeed using inertial, GPS or flow angle measurements, as successfully demonstrated by Rhudy et al. [29] . This is termed 'analytical redundancy' (as opposed to the 'physical redundancy' of multiple probes).
This avenue holds great potential for checking the validity of measurements in-flight, but requires a comparison of data sources and is, therefore, not viable before flight (when all systems and Pitots indicate zero speed irrespective of any blockages). It may also require a flight dynamics model of the aircraft, which may contain a modest degree of uncertainty depending on the configuration and conditions for a specific aircraft. Nonetheless, this technique should clearly be pursued.
The acoustic reflectometry approach tested here has been presented in many settings and is subject to a wide range of patents; these are available from a recent UK patent [21] and the associated background patent search. However, the goal of this work is to determine the actual behaviour of a real Pitot when this approach is used; it is this behaviour that has remained unpublished. is by no means certain the reflected wave amplitude is higher for a blocked case, as this depends on the frequency selected). The premise for the system proposed here, and elsewhere, is therefore to transmit a known frequency down the Pitot using a speaker and measure the excitation level some short distance away from the speaker ( Fig. 1(b) ). There is a significant gulf between such a basic principle of operation and a workable device.
The complicated internal shape of the Pitot affects the response and blockages can consist of insects, nests, ice or tape. The acoustics of each will be different, but must be measured to have confidence in the system. This is the target of the work presented here. To have the strongest dataset, both numerical and experimental results need to provide evidence to support the feasibility of detection.
III. Geometry acquisition
Three Pitot-static tubes from a 737 (-300/-400/-500 series) and three from a 747 (-400 series)
were acquired from an aircraft breakers yard. Although not suitable for resale use due to limited further life, these tubes were otherwise in flight condition and came from aircraft that made their final flight directly to the breakers yard, with their Pitots operational. The 737 and 747 devices are of notably different size due to the influence of fuselage size on measurement accuracy (Fig. 2) . Each tube has a single Pitot head and two static ports, as well as drain holes for releasing moisture. The goal of the three-dimensional finite element study was to provide an accurate model to understand the fundamental effects of Pitot head blockages on the total pressure system frequency response to acoustic excitation. In order to ensure this goal was met, the internal structure of the Pitot-static tube was captured using x-ray computed micro-tomography, or micro-CT (Fig. 3) . The platform used was the Nikon XTH225ST based at the National Composites Centre (NCC) in Bristol. It has 5-axis manipulation capability and 3-micron focal spot size, with a maximum beam energy of 225 kV. Due to the maximum sample size being 300 mm × 300 mm, two lengthwise scans had to be performed for the 737 Pitot in order to capture the whole geometry. For each scan, a 200 kV, 9.9 W micro focus x-ray source was used with an exposure time of 2 seconds-per-projection to ensure penetration through the Pitot tube. Reconstruction of the captured radiographs was performed using Nikon proprietary software CT-Pro 3D. The three-dimensional volume produced was viewed and analysed to extract the necessary dimensions using Volume Graphics VG Studio MAX software.
A model based on extracted two-dimensional images, taken from the three-dimensional volume, was constructed using ImageJ [30] to extract the data points from the two-dimensional cross-sections, translating the selected voxel sizes to dimensions that could be imported into CAD. ImageJ was also used to obtain the centreline for the tube curvature in order to accurately loft between cross sections. The static pressure system 1 (S1) begins behind the Pitot head. The S1 tube is connected to a static air chamber, enclosed by boundaries (a) and (b) within which there is a small gap in the tube ( Fig. 4(a) ). The holes located in the circumference of this region ensure that static pressure is being measured. After boundary (b), the Pitot tube has two bounded tubes as well as the air around them, which is now enclosed by the outer casing. In this region, another set of static pressure holes is present, making the resultant domain inside it the second static pressure system (S2). Having dual static ports helps remove static pressure errors due the aircraft pressure field, as well as pitch and yaw [31] .
Drain holes are present throughout the pressure head to remove moisture from the interior.
The most pertinent features for the acoustic behaviour are the baffle end and the shape of its covering chamber, as these strongly influence how acoustic waves will reflect both with and without a blockage located at the Pitot head entrance.
(a) micro-CT scan (section A-A labelled) (b) CAD for total pressure system Pitot head Fig. 4(a) ).
To understand the geometry of the 747 Pitot tube, an X-ray scan was also performed. This showed that the pressure systems are ducted differently to those in the 737 scans, although the overall configuration of the Pitot head itself is very similar. For the 747 tube, both static pressure systems are ducted and are blocked at the end. They do not have the slit configuration seen in the 737 tube. The total pressure system is connected to the chamber of the Pitot, as illustrated in figure 7 . A bundle of heating wire is fixed near the upper edge of the strut chamber. 
IV. Numerical study
Two finite element studies were performed using the commercial software COMSOL Multiphysics®; the first was based on a simple straight tube, while the second addressed the full total pressure system of a 737 Pitot. A pressure acoustics, frequency domain interface was employed within COMSOL as it permits modelling acoustics phenomena that do not involve fluid flow. In both studies, the domains were filled with air at standard conditions.
Formulation
The time-harmonic formulation applied within COMSOL [32] uses the Helmholtz equation:
where c is the speed of sound, p is the pressure, ρ is the density and w is the angular frequency.
Sources here are applied through the boundary conditions.
The steady-state frequency response was computed with a parametric sweep over a frequency range (10 Hz to 3000 Hz) using a harmonic load. Equation 1 was solved for the complex pressure,
p(x, y, z), which can be translated into sound pressure level, SPL, in post-processing:
SPL is frequently used in acoustics and is a logarithmic measure of the effective pressure of sound relative to a reference value, p ref .
The reference pressure is 20 µPa, which is the threshold of human hearing (i.e. 1 Pa is equivalent to an SPL of 94 dB). The SPL results were normalised when comparing numerical and experimental studies since the experimental input boundary condition at the Pitot insert was unknown. Normalisation was done by dividing the respective dataset by its
where the normalised SPL data is given byŜP L.
Study 1: Two-dimensional axisymmetric straight tube
A first analysis was performed on a hollow acrylic tube for which experimental data was available. This was conducted so that any subsequent differences between a Pitot and a plain tube could be shown clearly, to test the numerical modelling setup on a more basic case and also to observe the influence of partial rather than complete blockages. Analysis consisted of a frequency sweep from 10 Hz to 3000 Hz using 5 Hz steps, with a simple radiation condition used for modelling the far-field as an infinite space, using a straight tube 496 mm long with a 23 mm inner diameter ( Fig.   8(a) ). A triangular mesh was used with maximum edge length, h max , being constrained by:
where the acoustic speed, c = 343 m/s, and the maximum frequency, f max = 3000 Hz. Although literature advises 6 to 10 nodes per wavelength [33] , 12 points-per-wavelength, ppw, were employed in equation 5 to ensure the quality of the results would not be compromised. This yields a maximum edge length, h max ≈ 0.00953 m.
The mesh consisted of 2340 domain and 206 boundary elements (Fig. 8(b) ). Due to the axisymmetric nature of the study, a semi-circle of radius 0.2 m was used to model the far field domain for the unblocked condition (Fig. 8) . For all cases, a plane wave radiation boundary condition of incident pressure amplitude, p = 1 Pa, was applied at boundary 1. Furthermore, a sound hard boundary condition was applied at boundary 2. For the blocked condition, the far-field was neglected and boundary 3 was also made sound hard. For the unblocked condition, boundary
3 was left open, with the far field boundary 4 being defined by a spherical wave radiation condition with its source located at z = 0.496 m (centre of the tube at the unblocked end). This radiation condition sets a boundary that will not reflect normally incident plane or spherical waves. For the progressive blockage parametric study, a blockage model was added to the end of the tube. The blockage started from the inner radius with a length of 0.1 mm, increasing to 23 mm in the direction of the tube centre. In order to obtain high data resolution for the frequency response, 70 equally sized steps were used between the minimum and maximum length values. Since the study was axisymmetric, at length = 23 mm, the blockage fully covered the tube cross section, modelling the fully blocked condition. Blockage boundaries were modelled as sound hard surfaces. Numerical results were extracted at a location 10 mm from the entry point of the plane wave to match the measurement point for the experimental results. blockage, these correspond to large and easily detectable changes because the troughs themselves are very sharp. A notable trend is visible in figure 11 : blockage detection is frequency dependent.
The effect of the dual boundary condition (Neumann and Dirichlet) at the exit is clearer at low frequencies, for very high area blockages. This implies the lower frequencies are the most suitable part of the spectrum for blockage detection. Nevertheless, figures 10 and 11 show that there remains a change at all the frequencies that were investigated. Since the different pressure systems (T-total, S1-static 1 and S2-static 2) are independent of each other, any acoustic analysis can be performed for each separately. Based on overall accident reports, priority here was given to the Pitot head; indeed for icing it may be observed that the majority of accretion occurs here as this is the location with the highest water catch [34] . The excitation frequency sweep again ranged from 10 Hz to 3000 Hz using 5 Hz steps.
For the blocked condition, sound hard and interior sound hard boundary conditions were employed where appropriate. A plane wave boundary condition with an incident pressure amplitude of 1 Pa was applied at the base of the pressure system. This simplification means that potential acoustic disturbances caused by the cone, porous media and connecting tube were not modelled (see §V). Furthermore, the two drain holes were modelled using an air impedance boundary condition to model the acoustic waves leaking out of the system. The far-field for the unblocked case was modelled through the use of a perfectly matched layer (PML) [35] for highest accuracy. The PML developed is characterised by two layers of meshes and was designed as a semi-sphere due to the direction of the waves leaving the Pitot head when unblocked. The inner layer is tetrahedral while the outer layer is swept using quadrilateral elements for all of the five sub-layer elements (Fig. 12) . Although the PML is ideally designed to be nonreflecting, some reflection may occur due to numerical discretization. The PML was kept some distance from the Pitot head such that this effect was minimised. A conservative approach was taken with regards to the sizes of each layer to ensure enough space was provided to model infinite space accurately, despite the additional computational time required. The inner and outer layer semi-spheres had an outer radius of 0.085 m and 0.1 m respectively.
A tetrahedral mesh was used for the total pressure system geometry ( Fig. 12) , where the maximum edge length, h max , was the same as in §IV-Study 1 since the constraints applied through Eq. 5 were valid here. For tetrahedral elements, the element area ratio, q, is evaluated using:
where V is the element volume, and h the respective edge lengths [36] . The meshes generated yielded average element qualities of 0.7402 and 0.7415 for the blocked and unblocked cases respectively, where a maximum value would be 1 ( Table 1 , Appendix A). These were found to give an adequate balance of the number of elements and their quality, while also ensuring a satisfactory resolution of the geometry modelled. Figure 13 shows results obtained from the three-dimensional finite element model of the Pitotstatic total pressure system, for the blocked and unblocked conditions. Measurements were taken at the same location as the microphone in the experiments in §V. The biggest difference between blocked/unblocked conditions occurs at the lower frequency range, from 10 Hz to 1200 Hz. This difference dissipates with increasing frequency, a trend that was not evidenced in the straight tube model in figures 9 and 10, and which must therefore be linked to the geometry of a real Pitot.
Due to the existence of two slits followed by a baffle plate in the total pressure system, it was critical to ensure that the acoustic waves would go through the slits. If the waves were to reflect straight off the baffle plate, it would be very difficult to discern a blockage at the main entry to the Pitot head chamber. Figure 13 shows that sound waves in the studied frequency range pass through the slits, otherwise, there would be no differences between the unblocked and blocked results. The coalescence of the blocked and unblocked responses is discussed in §VII. 
V. Experimental study
Tests were conducted in a 8×4.5×5 m pyramidal-cone anechoic chamber to limit reflections which could contaminate the measurements. The chamber had a cut-off frequency of 570 Hz.
Experiments were carried out with the unblocked case and with various blockages. Four types of blockages were analysed and compared to the unblocked case. These were tape, foam, pre-deceased insects (Bombus Terrestris) and metal (steel), where foam and steel were studied as representatives of soft and hard ice respectively (Fig. 14) . To minimise reflections into the test article when running the unblocked test, the setup was positioned in the middle of the chamber, with the Pitot tube exit pointed to the top corner of chamber which was the furthest point from the setup (Fig. 15) . 
Experimental setup and basic methodology
A sweep of sine waves of frequencies up to 3 kHz was generated by the Tektronix AFG3021C signal generator and played using the Visaton FR10-HM 8 Ohm speaker [37] . Given the less reliable behaviour of the speaker at lower frequencies (below ∼150 Hz), data in this region is not interpretable, but falls below the region of interest (Appendix B). The speaker was attached to a contracting cone which was filled with 20 ppi (pores per inch) foam. This damps out standing waves within the cone and filters out higher acoustic modes, while also ensuring the plane wave mode amplitude is not attenuated. The effect of the cone was to only allow for the propagation of plane waves into the Pitot.
Two different aluminium tubes were designed and manufactured to connect the end of the cone to the Pitot tube total (T) and first static system (S1) pressure ports due to difference in diameters (threads are different for all pressure lines, most likely to make incorrect connection impossible).
The FG-23329-P07 analog omnidirectional electret condenser microphone was used to capture the pressure in the duct and relay this as an electrical signal (i.e. voltage). This was then converted to pressure units by knowing the microphone sensitivity, which was obtained via calibration before testing (Appendix C). The pressure measurements were used to compare the blocked and unblocked conditions to evaluate the feasibility of developing a detection method. A microphone holder was 3D
printed and fitted around the tube such that the microphone was perfectly flush-mounted (16(a) ).
The microphone has a circular sensing area of 0.8 mm, hence a 0.4 mm hole was drilled in both the microphone holder and aluminium tube to avoid expansions and contractions, and to reduce dispersion errors. The hole was approximately 10 mm from the exit of the Pitot tube insert. Silicone sealant was used to ensure the two holes aligned properly before testing to prevent acoustic leakages between the tube and microphone holder. Thread seal tape was utilised to fix the tube to the cone ( Fig. 16(b) ). The data captured was processed using the NI USB-9215A DAQ system with the NI USB-9162 C Series USB Single Module Carrier. Each excitation frequency was measured for 2 s at a sampling frequency of 42,000 Hz. This means the range of frequencies considered here could easily be captured. In post-processing, the mean system noise was then subtracted, the power spectral density of the signal analysed and the sound pressure level, SPL, computed.
Input voltage study
The FG-23329-P07 microphone clips if the signal is > 124 dB [38] so, for both Pitot tubes tested, a sweep of signal generator input voltages was performed (Fig. 17) . This investigation allowed for the selection of an input voltage for each Pitot tube to avoid clipping in the measurements and to ensure the sound pressure level was high enough to produce clear results. Figure 17 (a) shows that microphone which was securely fastened using a 3D printed holder.
(b) Close-up of connections: leakages were minimised by using silicone rubber sealant and thread seal tape at the joints. 
VI. Implications for practical blockage detection

Total pressure system
Before any blockage detection system may be proposed, it is of fundamental importance to understand any variation between between Pitots of nominally the same design (ie. to quantify any variations in manufacturing or arising from wear), so this was explored for the total pressure line for the 737 design in figure 18 (a) and for the 747 design in figure 18(b) . Figure 18 (a) shows very similar behaviour between 737 tubes 1 and 2, but tube 3 has a slight difference. Exploration revealed that a drain hole on the tube was blocked, most likely from corrosion, and it is believed this altered the response as seen here. The 747 results in figure 18 (b) also show some slight variation between tubes, but in addition to partially obstructed drain holes (no fully blocked drain hole was found but partial blockages may have remained), this may also have been caused by a different internal configuration. The use of a heating wire bundle in the strut of the 747 design (Fig. 7) means some acoustic variation is to be expected. The conclusion from these results is that acoustic behaviour is generally consistent between Pitots, however a much larger sample size would need to be tested to confirm this for manufacturing/calibration purposes. Drain hole blockages could conceivably cause an acoustic system to detect a blockage where none existed. Whether this is desirable is uncertain; one could equally well argue a drain blockage should be investigated before flight, or that it might be a crew annoyance. The 747 data in figure 18 (b) does however support designing Pitots to avoid any variability in manufacturing, because if reflectometry is to perform well the pressure lines need to function as acoustic waveguides, and any irregular objects (such as wire bundles) impair this.
Similarly, transmitting the pressure via any chamber which is not of constant sectional area will interfere with the acoustic behaviour. numerically, and appears to preclude use of higher frequencies for detection. This will be considered in more detail in §VII. Steel, tape, foam and insect blockages were all detectable. Zooms of these results are given in figure 20 and it seems clear that, from a physics point of view, a workable device could be built to use frequencies ranging between 600 Hz and 1050 Hz. The point at which a blockage would be detected is clearly important. A study of how progressive blockage affects the acoustic response of the total pressure port was undertaken with the 737 Pitot 1 (Fig. 21) . Four tests were performed using adhesive tape where 25%, 50%, 75% and 100% of the head diameter were covered. As shown in figure 21 , blockage starts to be clearly detected at between 25% and 50%. Unfortunately, there can be no reliable correspondence between the blocked fraction and the error that this produces in the airspeed reading. Depending on the blockage shape, what is assumed to be total pressure becomes (through introduction of the blockage) a static pressure at an unknown point around a body of arbitrary shape. This is obvious if a particularly nefarious situation is envisaged, whereby the Pitot head is entirely unblocked, but an object is placed close to the entrance such that the flow is altered (this could even be a flat plate upstream). The total pressure will no longer be measured and the system will be in error.
This would never happen in practice, but it illustrates that a more sensitive detection system is preferable. Figure 22 shows that the 3D numerical study demonstrates good agreement with experiments above both the transient frequencies at which the speaker is unable to produce clean sound waves (400 Hz), and the anechoic chamber cut-off frequency (570 Hz). For the blockage case, figure 22(a) shows that the numerical model best agrees with the Bombus terrestris (head first) case at around 1000 Hz, capturing the antinodes accurately from this point onwards. Below this frequency, the numerical model is not accurate for the blocked case. Figure 22 shows that most antinodes in the experiment are captured.
Despite figure 13 demonstrating a difference in acoustic response between the blocked and unblocked cases, the intricacies seen in the experiments between 600 Hz and 1100 Hz are not seen in the numerical models developed. This may be attributed to the speaker amplitude and impedance variation with frequency, cone geometry, acoustic properties of the porous media, the connecting tube or the flush-mounted microphone setup and vibration of the Pitot. All this was simplified to a simple planar wave (of constant amplitude of 1 Pa for all frequencies scanned) which was input at the Pitot tube insert location. Further features of the the experiment not modelled in the numerical study included attenuation and dispersion losses [39] . In reality, the sound wave energy is continuously reduced by these dissipative processes. Attenuation and dispersion effects due to viscosity and thermal conduction are frequently seen when acoustic waves travel inside thin pipes. Thermoviscous effects are especially significant when the representative cross-sectional dimension is much smaller than the vorticity and entropy boundary layer thicknesses [40, 41] . As such, the fact that the simulations do not perfectly match the experimental results is not unexpected. as to be impractical for detection. This is because the 747 total pressure port is not ducted (Fig.   7) , unlike in the 737 tube (Fig. 3) , and therefore does not act as an effective acoustic waveguide.
From this, it may be concluded that ports which are not ducted should not be used for acoustic reflectometry. taping over the ports. For both designs there are appreciable differences over much of the tested frequency range, specifically from 300 Hz to 2300 Hz. It is probable that a system could be designed for operation on the ground (i.e. in a quiet environment) to detect static port blockages. The 737 static line (which was not ducted) was not tested given the poorer results on the 747 Pitot head, and it is likely that an acoustic method would be unsuitable for this configuration. Overall, it is perhaps surprising that the acoustic approach detects blocked static ports so effectively, given that the ports are only 1-2 mm in diameter, and that they reside in large closed chambers within the probe. 
VII. Analytical model
Consideration of an analytical acoustic model is able to explain the coalescence of the blocked and unblocked responses at higher frequencies. The pressure at the measurement location may be written as a sum of the incident wave, p i , from the speaker and the wave reflected back from the Pitot head or static port, p r , as:
where the wavenumber, k = ω c , ω is frequency and c speed of sound. In addition, the linearised inviscid momentum equation may be considered at the Pitot open end across the slits:
Substituting Eq. (7) in to Eq. (8) and integrating gives:
Using z = p u at x = L, gives a link to the impedance:
where u is the velocity. With p i = 1 applied to Eq. 10:
For a fully blocked end, z → ∞, so p r → e −2jkL .
The dependence of impedance on frequency can be gauged by returning to a harmonic version of equation (8) (with viscosity re-introduced for the sake of argument, and u = u 0 e jωt , p = p 0 e jωt , and considering only the end of the tube):
and comparing this to zu = p. Qualitative consideration of this result suggests that, in the complex plane, inertial effects represent an imaginary contribution to the impedance that is (at least) proportional to the frequency, while viscous effects represent a real contribution that does not appear frequency dependent, and which will eventually become negligible, in comparison, as frequency rises.
This reasoning is supported by the detailed analysis of Macaskill and Tuck [42] , who calculate the impedance of a screen consisting of a regular array of slits. Here, the impedance is defined as a pure imaginary number of the form:
where ω is the angular frequency, ρ is the density, a is the slot semi-width, and C is a non-dimensional blockage coefficient. The latter is a function of the non-dimensional frequency, β, given by:
where ν is the kinematic viscosity. Macaskill and Tuck show that the value of C is constant for values of √ β above 10 [42] .
For the 737 Pitot total pressure system studied in §VI, the frequency responses are seen coalescing at ∼ 1.2 kHz. From the scans, the slot width was measured, 2a = 2.85 mm (Fig. 5) .
Hence:
This means the assumption of constant C around the frequency where coalescence of blocked and unblocked responses is seen is consistent with the analysis of Macaskill and Tuck [42] .
The salient feature regarding the Pitot head is therefore the presence of an element of impedance from the slits and the chamber surrounding those slits. The actual value of the impedance, or its origin, is relatively unimportant in explaining the coalescence of the blocked and unblocked responses, because as the frequency rises, the impedance will also increase. Eventually, the situation must arise where the reflected wave becomes the same as that for a fully blocked system. The precise value of impedance will alter the frequency range for which this behaviour becomes dominant.
Similarly, it does not matter what the exact geometry of the Pitot head is, although it is preferable that it has a low impedance as this will increase the highest frequency that might be used, giving the greatest flexibility in design. Overall, it is sensible that if acoustic waves are to be measured returning from the Pitot head, then it is preferable to present the system with as few obstacles as possible.
VIII. Conclusions
Reflectometry works well on any pressure line that is smoothly ducted by a tube all the way to its end, whether it is a large Pitot head or a small static port. This configuration means the pressure line functions well as an acoustic waveguide. The unblocked/blocked signal variation becomes much smaller if the pressure line has an irregular shape, such as happens when the outer wall of the Pitot is used to contain the transmitted pressure, where the line is a poor waveguide. An acoustic blockage detection device therefore seems feasible for fully ducted lines, but usage on irregular ducts would require more testing to confirm, and may be impossible. Numerical models were found to be suitable for selecting a frequency range to use for detection, and for studying the effects of a progressive blockage on the frequency response, but the final data for use in detection would need
to come from precise experimental results.
The repeatability of acoustic behaviour between Pitot tubes of the same design was checked for the available examples, but the results given here do not provide a large enough sample size for firm conclusions. Doubt therefore remains as to whether every Pitot would need calibration.
Individual calibration would prevent errors in the blockage detection system most effectively, as minor differences in manufacture would be compensated for. Any device would also benefit from the ability to auto-calibrate, whereby at regular intervals the baseline unblocked acoustic response could be updated. This would allow for gradual changes due to in-service wear.
A significant body of further work is required. The results shown here are encouraging for a ground operable system, but the influence of the background noise field in flight needs to be ascertained before a flight operable system could be proposed. In particular, almost nothing appears to be known about the external noise environment around the nose of a commercial aircraft in cruise (the internal environment is of course extensively measured for passenger/crew comfort). This data deficiency needs to be addressed, but will incur significant cost. An alternative would be to operate during flight in a mode where silence would indicate blockage [21] , ie. if the background noise were no longer present in the Pitot line, a blockage could be implied to exist. Miniaturisation of the system needs to be explored once an acceptable bounding volume size is defined so that a single device may fit any aircraft, as space within the fuselage near the nose may often be restricted.
Furthermore, the effects of blockages at locations upstream of the Pitot head should be investigated.
Although solid ice tends to build up at the tip, insect nests or a solid-liquid ice mix could be present deeper inside the tube.
The precise structure of the detection algorithm also remains to be decided. Using a single frequency check may be sufficient, but scans over frequency ranges are likely to be more reliable.
The sensitivity of the system needs to be specified against operational objectives; for example, it is likely that drain hole blockages can be detected, but whether this is desirable is uncertain. It is perhaps unwise to fly with drain holes blocked, but it might also be an overreaction to delay or cancel a flight because of it (aircraft routinely operate with failures according to minimum equipment lists, so this logic could also be used here). Ultimately, the system might only be advisory to the crew, with just a visual inspection required after a blockage detection.
Appendix A: Three-dimensional FE Model -Mesh Statistics 
Appendix C: Microphone Calibration
Calibration was conducted by comparing the FG-23329-P07 microphone's response to that of a G.R.A.S. 40PL CCP Free-field Array microphone [43] . The calibration setup was taken from Garcia [38] and Gruber [44] . The G.R.A.S. and FG-23329-P07 microphones were flush-mounted in a cap at the end of the calibration tube (labelled (a) and (b) respectively in figure 28 ). The loudspeaker was at the other end connected to a cone filled with porous foam. Both pressure transducers were thus exposed to the same white noise signal. In situ calibration was not possible since the test setup only allowed for one microphone measurement. The calibration method was based on the procedure by Mish [45] . From this, a sensitivity file was obtained to translate the results obtained from voltage to pressure units (Fig. 29) . 
